Introduction
In the recent two decades, autotrophic nitrogen removal processes, combing partial nitritation and anaerobic ammonium oxidation (anammox), have been successfully implemented in so-called sidestream reactors at full-scale wastewater treatment plants. They were characterized by lower energy requirements and lower biomass production, with no need for organic carbon addition, compared with conventional nitrification-denitrification processes [1] [2] [3] . Completely autotrophic nitrogen removal over nitrite (CANON) is a typical one-stage nitritation-anammox process, where aerobic ammonium-oxidizing bacteria (AOB) oxidize a portion of ammonium into nitrite while consuming the dissolved oxygen (DO), and anammox bacteria (AMX) convert both the residual ammonium and nitrite into nitrogen gas and produce small amounts of nitrate in anoxic niches, as shown in Eq. (1) [4, 5] :
The high nitrogen removal efficiency of the CANON process relies on the balance between AOB and AMX activities under oxygen-limiting conditions, and avoiding the overgrowth of nitrite-oxidizing bacteria (NOB) [2, 6] . Among the various reactor configurations of the CANON process, a continuous granular reactor would take considerable advantages in adapting to the large-scale wastewater treatment and enhancing slow-growing microorganism retention (especially AMX, estimated doubling time of 4-15 days) [1, 7, 8] . Different aggregate types often coexist in a suspended growth system, depending on the inoculation type, substrate loading rates, aeration, and mixing conditions, etc. It has been reported that aggregate morphology and size significantly affect the settling properties [7] , substrate transfer [9] , and microbial community distribution [10] in CANON granular sludge. Large granules (diameter >1.0 mm) are usually thought to have well-developed function and phylogenesis layering, and contain a high abundance of AMX because of a long sludge retention time (SRT) [11] [12] [13] . Thus, the assumption of "the bigger the better" was recommended for sludge selection, to obtain high performance of the granular reactor [14] . However, Wang et al. [15] reported that a higher percentage of small granules (0.5-0.9 mm in diameter) significantly improved the nitrogen removal performance of an air-lift reactor, with increasing influent nitrogen loading rate. Compared with large granules, small ones possess a larger aerobic functional zone for nitritation, and exhibit a higher nitrite production, which would promote the growth of AMX in the inner layer. Other than these contrasting results, the interaction between different size granules in a continuous and homogeneous mixing reactor is as yet unclear, and knowledge of the microbial structure and function in those granules could contribute towards performance optimization and stability of the CANON system. Thus, the aim of this study was to characterize the sludge morphology and nitrogen-converting activity of different size granules in a lab-scale continuous CANON reactor under steady-state conditions. The differentiation in microbial community structure between different granular size fractions was also investigated, using high-throughput pyrosequencing techniques, to delineate the mechanisms of autotrophic nitrogen removal in a single reactor.
Materials and Methods

Reactor Setup and Operation
In this study, representative CANON granule samples of brownish-red color (Fig. S1A) were obtained from a lab-scale continuous stirred tank reactor (CSTR) with a 1.5 L aerobic volume and a 0.6 L settling zone, as described previously [16] . An approximate complete mixing of liquid was achieved by introducing fine air bubbles through a gas diffuser, combined with hydraulic internal recycling (Fig. S1B) . The reactor was operated at a volumetric NH 4 + -N loading rate (NLR) of 3.24 kg/(m 3 ·day) and hydraulic retention time (HRT) of 1.1 h for more than 150 days to assure steady-state conditions. The concentration of mixed liquor volatile suspended solid (MLVSS) was set at around 11,000 mg/l, with the MLVSS to mixed liquor suspended solid (MLSS) ratio of 0.89, while the granules (aggregate size >0.2 mm) accounted for more than 97% of the total MLVSS in the reactor. The SRT was controlled in the range of 60-65 days by regular sludge discharging. The DO level was maintained at 1.1 ± 0.2 mg/l by adjusting the air flow rate to 0.9 ± 0.1 L/min. The temperature was controlled at 30 ± 1°C using a water bath.
Synthetic wastewater was fed from the top of the reactor. Its composition (mg/l) was as follows: 574.8 NH 
Batch Activity Tests
Mixed granular sludge was harvested on day 155, and sieved into four size fractions (Fractions I-IV) with opening sizes of 0.2, 0.6, 1.4 and 2.0 mm. The corresponding size ranges were 0.2-0.6 mm, 0.6-1.4 mm, 1.4-2.0 mm, and >2.0 mm, respectively (Fig. S1 ). The granule samples were then washed with phosphate buffer solution (100 mg P/L, pH = 7.5) to remove the bulk substrate.
Batch activity tests were carried out in a gas-liquid contacting column (cross-sectional diameter 50 mm, effective depth 200 mm) with an external cooling water jacket, containing 400 ml of the synthetic wastewater (identical to the CSTR influent). The MLVSS concentration of the different size granules was equally set at 2.0 ± 0.3 g/l. In each test, an approximately complete-mix pattern was achieved by magnetic stirring, and the bulk oxygen concentration was on-line controlled in the range of 0.5 to 4.5 mg/l by adjusting the aeration rate, at 30 ± 1°C. During a 180 min period, the supernatant of one flask was regularly sampled to analyze the concentration of nitrogen compounds. Each test was performed in triplicate, and the average specific nitrogen conversion rates were calculated.
Analytical Methods
MLSS, MLVSS, suspended solid (SS), NH -N, and total nitrogen (TN) were measured using the procedure described in Standard Methods [17] . The pH value and DO concentration were monitored with PB-10 (Sartorius, Germany) and H1946N portable meters (WTW, Germany), respectively. The size distribution of the granules was described on the basis of sludge weight percentages in Fractions I-IV, and the mean diameter was equal to the sum of products of weight fractions and the average size in intervals. The morphology of the granular sludge was observed using a CX41 optical microscope (Olympus, Japan). The settling velocity of granules was measured in a vertical glass tube (height 1,000 mm) filled with effluent from the reactor. The extracellular polymeric substances (EPS) were extracted using the formaldehyde-NaOH method, and the protein (PN) and polysaccharide (PS) contents were quantified using the Lowry and phenol-sulfuric acid methods, respectively [18] .
Calculations
The specific NH ), and specific TN removal rate (q T N ) with the granules was determined using the following equations, respectively [19] :
where Δc(NH 
DNA Extraction, PCR, and Pyrosequencing
Four representative granule samples (S1-S4) belonging to the different size fractions (Fractions I-IV) were obtained for the microbial community analysis, which was conducted by highthroughput pyrosequencing using MiSeq technology (Illumina, US), as described by Wang et al. [20] . In order to enhance the DNA extraction, the different size granules were preprocessed by ultrasound at 1 W/ml for 5 min in an ice bath, respectively [18] . Genomic DNA was extracted from the sludge samples using the E.Z.N.A. Soil DNA Isolation Kit (Omega Bio-Tek, Inc., USA), and the bacterial primers 338F (5'-ACTCCTACGGGAGGCAGCA-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3') were used to amplify the V3-V4 region of the 16S rRNA gene. The polymerase chain reaction (PCR) was run on a GeneAmp 9700 thermal cycler (Applied Biosystems, USA), and the thermal program was 95 Combined PCR products were purified using the AxyPrep DNA Gel extraction kit (AXYGEN, USA) as recommended, and quantified using QuantiFluor-ST (Promega, USA). After that, high-throughput pyrosequencing was performed on the Illumina MiSeq platform at Majorbio Bio-Pharm Technology Co., Ltd., China. Operational taxonomic units (OTUs) were clustered with 97% similarity cutoff using UPARSE, and chimeric sequences were identified and removed using UCHIME. The raw sequence data have been deposited in the NCBI Sequence Read Archive database (Accession No. SRP095813).
It was noteworthy that the archaea community analysis was also conducted following the similar procedure, in which the primers employed were Arch334F (5'-ACGGGGYGCAGCAG GCGCGA-3') and Arch915R (5'-GTGCTCCCCCGCCAATTCCT-3') instead [21] . Results revealed that 37 OUTs could be classified into genera Halobacteriales (31.5-40.9%), Halobacteriaceae (46.5-60.0%), Halobacterium (7.2-14.3%), Euryarchaeota (1.3-2.8%) and others (data not shown), and there were no typical ammonia-oxidizing archaea detected [22] . Therefore, the archaea could not be responsible for the high nitrogen removal performance of the CSTR.
Results
Reactor Operation and Sludge Morphology
The performance of CSTR during 160 days of operation is shown in Fig. 1 . Under steady-state conditions, with the NLR of 3.24 kg/(m 3 ·day), the effluent of the reactor was characterized by NH 1). This indicated that the CANON process was the predominant pathway for nitrogen removal in the system. Considering the biomass in the CSTR, the specific nitrogen removal rate reached 0.24 g/(g VSS·day), which exceeded the values achieved in most other CANON reactors (0.06-0.15 g/(g VSS·day)) [8, 23, 24] , but was still lower than 0.32 g/(g VSS·day) reported by Winkler et al. [25] .
The weighted mean diameter of granules obtained from the CSTR on day 155 was around 1.1 mm. The particle size distribution and physical properties of the granular sludge are shown in Table 1 . With increasing aggregate size, the compactness and settling properties of the granules were remarkably improved. Small granules (Fraction I) had a loose and irregular shape, with brushy edges (Fig. 2A) . Some of them tended to be washed out with the effluent, given the strong hydraulic selection pressure (HRT of 1.1 h), whereas others were expected to increase in size to larger Fig. 2B ), due to microbial growth and sludge self-aggregation [26] . Most granules in Fractions III and IV appeared dense, with an ellipsoidal or spherical shape, and had smooth and clear edges (Figs. 2C and 2D ), which could be explained by surface erosion with hydraulic shear. Besides this, the accumulation of EPS components with a higher PN/PS ratio was observed with increasing granular size (Table 1) . It has been reported that a gel-like EPS matrix is essential to maintain the structural strength of granules and create substrate gradients in the different layers within them [9, 27] . During the operation period, there were always a small portion of granules floating in the upper part of the settling zone, as described by Qian et al. [16] . This was ascribed to a low density resulting from the retention of gaseous products from the CANON process. The flotation of granules could be abolished after the release of gas by an external force, such as vigorous mixing, as suggested by Li et al. [28] .
Nitrogen-Converting Activity of Different Size Granules
To assess the differences in the functional microbe activity of different size granules, the effect of bulk oxygen concentrations on the specific nitrogen conversion rates was investigated in a batch experiment. The results are presented in Fig. 3 .
For Fraction I granules, sufficient oxygen supply promoted the NH , indicating nitrite accumulation had occurred in the system. At DO = 4.5 mg/l, the nitrite accumulation percentage at the end of the batch experiment reached 98%, while the q T N was only equal to 19.3% of the peak value. In agreement with the results of mathematical modeling [29] , the optimal DO concentration for the CANON process with large granules was higher than that with small ones. For Fraction II and III granules, the peak value of q T N was achieved at the same DO concentration of 2.7 mg/l. Under these conditions, the balance between AOB and AMX activities must have been established because f(NO values at DO = 4.5 mg/l were obviously lower than in Fraction I. Furthermore, increasing Except for the granular size range, the values are given as the mean ± SD (n = 5).
the DO concentrations in the studied range positively affected the TN removal in Fraction IV, and a small quantity of NO 
Microbial Community Structure Within Different Size Granules
The microbial community structure within the different size granules was analyzed by high-throughput pyrosequencing. A total of 95,124 qualified sequences were obtained and 1,009 OTUs were identified (sharing 97% similarity with published sequences) in the four granular samples (S1-S4) ( Table 2 ). All sample coverage estimators were higher than 99.7%, and rarefaction curves for each sample shared a similar trend (Fig. S3) , suggesting that the sequencing depth was sufficient to account for the total bacterial diversity in the samples. With increasing aggregate size, greater species richness and diversity were observed, and this was associated with longer SRT for larger granules. As seen in the Venn diagram (Fig. 4A) , the granules in different size fractions shared 155 OTUs, which accounted for 56.2-72.8% of the total number in the four samples.
As shown in Fig. 4B and Table S1 , Proteobacteria was the predominant taxonomic group at the phylum level in the 3-6 .9%) were the most abundant taxa (Fig. 4C) . In the CANON system, satellite heterotrophic bacteria, such as Sphingobacteria, Deltaproteobacteria, and Anaerolineae, are thought to grow on the organic products of biomass decay under a long SRT and play a positive role in maintaining the stability of granules [7, 30] . In all granular samples, the genera Nitrosomonas and Candidatus Kuenenia, dominating in the classes Betaproteobacteria and Planctomycetacia, were identified as the main populations that carried out aerobic and anaerobic ammonium oxidation, respectively (Figs. 4D and S4 ). The relative AOB/AMX abundance ratio in small granules (S1) was 29.8. As the granule size increased, the washout of AOB (from 51.5% in S1 to 15.5% in S4) and the enrichment of AMX (from 1.7% in S1 to 7.1% in S3 and 6.4% in S4) resulted in a dramatic decrease of the AOB/AMX ratio; in S4, it was as low as 2.4. Meanwhile, low numbers of NOB Nitrospira spp. were detected in all samples (Fig. 4D) . This microorganism is a k-strategist (with high substrate affinities and low maximum activity or growth rate) that favors nitrite-limiting environments, such as those in one-stage autotrophic nitrogen removal reactors [12] . It appears that the NOB prefer to grow within intermediate size granules, since they were most numerous (3.9% of total bacterial population) in S3.
Discussion
Optimum Co-Culture of AOB and AMX Earlier studies evidenced that the spatial distribution of AOB and AMX in CANON granules is mainly linked with the species-specific physiology (e.g., DO affinity or inhibition) and reactor operating conditions [9, 10] . Typically, the bulk liquid and biofilm interface are colonized by AOB species, where both oxygen and ammonium are present. On the other hand, AMX are situated in the inner and anoxic layer, but still close to the bulk liquid and AOB rims, whose distribution is controlled by a transfer of substrates.
In the CSTR, all granules were exposed to the same DO concentration of around 1.1 mg/l, and the co-existence of AOB and AMX within them had been confirmed by highthroughput pyrosequencing. Because large granules had a denser structure, with higher EPS contents ( Fig. 2 and Table 1 ), the limited oxygen transfer would be expected and result in a larger anoxic volume to be enriched in AMX [10, 15] . Nevertheless, the abundance of AOB was still several times higher than that of AMX within Fraction III and IV granules. In a combined nitritation-anammox process, aerobic ammonium oxidation by AOB could become the rate-limiting step under oxygen limiting conditions [2, 15] . According to published studies, the maximum nitrite accumulation rate in a continuous granular reactor is 6.1 kg/(m 3 ·day) [31] , which is one order of magnitude lower than the nitrogen removal rate (up to 76.7 kg/(m 3 ·day)) achieved in an upflow anaerobic sludge blanket reactor with anammox granules [32] . In the batch experiment, Fraction III granules possessed the maximum q T N value, reaching 40.4 mg/(g VSS·h) (Fig. 3) , which indicated the AOB/AMX ratio of 5.7 therein could be the optimal one. In comparison, the smaller AOB populations within Fraction IV granules were unable to supply a sufficient amount of nitrite for the anammox reaction to achieve an efficient nitrogen removal, unless a high DO level was applied.
Conversely, in Fractions I and II, a high AOB abundance of over 50% was detected (Fig. 5D) ; they would deplete the oxygen in the outer layer and create a suitable living environment for AMX. However, an excessive DO supply would lead to an increased oxygen penetration depth, and thus inhibit the anammox reaction in the inner layer, especially in the aggregates with a loose structure [27] . As shown in Fig. 3 , the TN removal activity of Fraction I granules was more sensitive to the increase in DO concentrations (e.g., from 1.8 mg/l to 4.5 mg/l), compared with Fraction III levels.
Mechanisms for NOB Repression
The overgrowth of NOB population in the sludge should be suppressed to ascertain long-term stable operation of the CANON system. In this study, the CSTR was run at a low DO concentration, and the residual amounts of NH ) of AOB (typical value of 2.4 mg/l) [29] or AMX (below 0.1 mg/l) [33] . A high nitrogen removal rate of 2.65 kg/(m 3 ·day) was maintained during 160 days of operation. The low nitrate level in the effluent (Fig. 1) indicated that the small amounts of NOB did not remarkably affect the overall performance of the reactor.
According to previous reports [14, 34] , the NOB repression is mainly driven by oxygen limitation, although the reduced nitrite concentrations in the granule due to AMX activity could assist NOB repression. In this view, an adequate excess of NH 4 + -N was essential, which could promote the nitritation rate and lead to less oxygen available for NOB. As mentioned above, only Nitrospira spp. was found in CANON granules, instead of r-strategist NOB, and it was believed the former evolved from an anaerobic or a microaerophilic origin [5] . There are recent reports showing that a relatively high DO level (e.g., >1.5 mg/l) provided a competitive advantage for AOB over NOB as Nitrospira spp. in activated sludge reactors for sewage treatment [35, 36] . Similarly, the small and loose granules (e.g., Fraction I) could have a larger aerobic functional zone at a given DO concentration than the large and dense granules (e.g., Fraction III), which favors the repression of k-strategist NOB.
In addition, the competition for nitrite between NOB and AMX should also be considered in the CANON process. In the mathematical modeling of biological nitrogen removal, the nitrite half-saturation coefficient (K
) of AMX and NOB was estimated at 0.05 mg/l and 1.3 mg/l, respectively [29] . According to the physiological characteristics of specific microorganisms, Candidatus Kuenenia (K Based on this point of view, the relatively abundant AMX with insufficient nitrite supply by AOB prevented the NOB overgrowth in Fraction IV granules (Fig. 4D ).
Practical Implications for Operation
It had been widely reported that there is substantial sizeassociated microbial activity and population segregation in suspended growth nitritation-anammox systems. Floccular sludge mainly contains nitrifiers (e.g., AOB and NOB) and thus shows a higher aerobic activity, whereas AMX preferentially grow within the granule or biofilm [3, 34, 38] . Thus, some physical SRT separation units, such as hydrocyclone [3] and vibrating screen [39] , were employed in primarily floccular nitritation-anammox reactors at the full scale, aiming to retain AMX-rich granules and eliminate NOB-rich flocs.
However, "the bigger the better" assumption does not entirely hold for the reactor configuration of the CSTR. Theoretically, all the granules accomplished the CANON process independently from each other, since both ammonium and nitrite concentrations in the CSTR were too low to result in efficient mass transfer between granules [9] . The mutual conversion of different size granules would occur during the long-term operation. For example, Fraction I granules could be regarded as the precursor of larger ones (e.g., Fractions II and III), because of sludge self-aggregation assisted by EPS accumulation. Meanwhile, the enrichment for AMX and heterotrophs within large granules causes the expansion of the anoxic zone, and pushes the aerobic AOB rim outward [10] . Owing to microbial decay and shearassociated surface erosion or aggregate collision, the AOB rim frequently detaches from the granules (e.g., Fraction IV) and then forms new small aggregates [38] . Therefore, it was reasonable that there were as many as 155 OTUs shared by the different size granules, although the exact AOB/AMX ratio and NOB abundance within them were obviously different (Fig. 4) .
In addition, it should be noted that a considerable fraction of small granules enriched for AOB played an important role in maintaining a stable DO level at the fixed aeration rate, and also contributed to the excellent nitrogen removal efficiency of the CSTR. From a practical perspective, the high performance of the reactor was closely related to the huge CANON biomass [2, 16] , and thus maintaining a diversity of granular size would benefit the stable operation of the system. Compared with the screen, a hydrocyclone might be a more appropriate option for solid-liquid separation in a continuous reactor at high throughput. It is because the latter could not only facilitate the gas release from the floated granules, but also retain small aggregates with good settling property. In order to promote industrial application, the feasibility of employing a hydrocyclone separator to optimize the particle size distribution in a continuous granular reactor should be further assessed.
